Abstract. Hepatocellular carcinoma (HCC) is the most common primary cancer of the liver and latexin is downregulated in several types of human cancer. However, latexin expression in HCC remains unknown. mRNA expression of latexin in HCC samples and HCC-derived cell lines was detected by semi-quantitative PCR and real-time PCR, while protein expression was assessed by immunohistochemistry. The role of latexin in the regulation of the proliferation of HCC-derived cells was investigated both in vitro and in vivo. Flow cytometry was used to differentiate cell cycle distribution in SK-hep-1 and YY-8103. In a total of 60 paired HCC specimens, compared with adjacent non-cancer tissues, latexin mRNA was downregulated in 42 specimens. Immunohistochemical analysis showed a significant reduction in latexin expression in HCC compared to control tissues. Overexpression of latexin inhibited SK-hep-1 and HepG2 cellular colony formation and tumor growth. Conversely, YY-8103 and Focus cells transfected with shRNA enhanced colony formation and tumor growth. Latexin overexpression promoted cell cycle arrest in the G0/G1 phase in SK-hep-1 and silencing of latexin promoted the cell cycle transition from G0/G1 phase to S phase in YY-8103. The cyclin-dependent kinase inhibitors (CDKIs) (p21Cip1, p27Kip1, p15INK4B), cyclin D1 and cyclin E were shown to be differentially expressed in latexin-overexpressed cells and latexin-silenced cells. These results indicated that latexin may be an effective target for gene therapy.
Introduction
Hepatocellular carcinoma (HCC) is the most common primary cancer of the liver and the third most frequent cause of cancer-related mortality in the world, with more than 660,000 deaths per annum (1) (2) (3) (4) (5) . The major etiologic factors of HCC are hepatitis B virus (HBV) and hepatitis C virus (HCV) infection and various other non-viral-related causes of liver cirrhosis (6) . Over the past few decades, the incidence of HCC has increased in eastern Asia and sub-Saharan Africa (7, 8) . Surgery currently offers the only possibility of prolonged survival in HCC patients. However, recurrence occurs in more than two-thirds of these patients despite initial curative intent, and, thus, HCC has a dismal prognosis (9, 10) . Therefore, it is vital to identify new clues to understand the pathogenesis of HCC and to explore effective therapeutic strategies.
The latexin gene mapped to chromosome 3q25.32 was originally identified in the lateral neocortex of rats and serves as a marker of regionality and development in the rodent nervous system (11) . The human latexin gene encodes the latexin protein comprised of 222 amino acids with 84.2% identical to rat and 84.7% identical to mouse latexin proteins (12) . It consists of two topologically equivalent subdomains, each one with a cystatin-like topology, consisting of an α-helix enveloped by a curved β-sheet. These subdomains are packed against each other through the helices and linked by a connecting segment encompassing a third α-helix (13, 14) . Latexin has been reported to act as an endogenous vertebrate carboxypeptidase inhibitor (CPI). However, its sequence is unrelated to any other reported CPIs, but shows significant homology with the putative tumor suppressor, tazarotene-induced gene 1 (TIG1), suggesting a familial relationship (13, 15) . Liang et al revealed that latexin functions in the negative control of hematopoietic stem cell (HSC) populations in mice by decreasing cell replication and increasing apoptosis (16) . Latexin-deficient HSCs have been shown to possess an enhanced colony-forming ability (17) . Elevated latexin expression has also been reported in normal human stem cells compared to the same cell populations from patients with acute myelogenous leukemia (AML) or lymphoma. The ectopic expression of latexin in mouse lymphoma cells lacking latexin expression shows marked suppression of growth in vitro (18) . A study by Ke et al identified high levels of latexin expression in an immortalized human gastric epithelial cell line, GES-1, as compared to expression in the MC cell line, which is the malignant derivative of the GES-1 cell line (19) .
The cell cycle progression pathways are the endpoint of signaling cascades implicated in cell growth and cell prolif-eration. The cell cycle is tightly coordinated by sequential assembly and activation of phase-specific protein kinase complexes (20, 21) formed by cyclins and cyclin-dependent kinases (CDKs), which are also regulated by the INK4 proteins and the CDK inhibitors (CDKIs). D-type cyclins are expressed throughout the cycle in response to mitogen stimulation (21) . Cyclin D-CDK4 and cyclin E-CDK2 complexes are required for the passage from G1 to S phase. The levels of CDKI are high in quiescent cells, fall in response to mitogenic stimulation, remain at threshold levels in proliferating cells and increase again when mitogens are withdrawn (21) .
In the present study, we found that latexin was markedly downregulated in HCC specimens, compared to adjacent non-cancerous tissues. This indicated that latexin may contribute to the inhibition of cellular proliferation in HCC. The experiments showed that overexpression of latexin inhibited HCC-derived SK-hep-1 and HepG2 cellular proliferation in vitro and vivo. In contrast, latexin knockdown via shRNA markedly promoted these phenotypes in YY-8103 and Focus cells. Furthermore, the mechanistic analyses indicated that latexin influenced cell cycle transition by modulating the quantities of cell cycle regulators.
Materials and methods
Tissue specimens. To examine the expression of latexin in human tumor tissues, a total of 60 paired HCC and adjacent non-tumor tissues were used in the present study. Adjacent non-tumor tissues were removed 2 cm away from the edge of the primary tumors. Both HCC specimens and adjacent non-tumor tissues were confirmed by pathological examination and immediately stored in liquid nitrogen after surgery. The study protocols for the investigations involving human tissue, or animals, were approved by the Institutional Animal Care and Use Committee at Nanjing Medical University.
Liver cancer cell lines. The human HCC cell lines (YY-8103, Focus, LM3, LM6, HepG2, Hep3B, SK-hep-1, Huh-7, MHCC-97H, MHCC-97L, SMCC-7721) were obtained from the Department of Liver Transplantation Center, The First Affiliated Hospital of Nanjing Medical University. These cell lines were propagated in a 5% CO 2 , 37˚C-humidified incubator and cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), penicillin (50 U/ml) and streptomycin (50 µg/ml).
Semi-quantitative RT-PCR and quantitative real-time PCR (qRT-PCR).
Total RNA from tissue samples and cultured cells was extracted using TRIzol reagent (Invitrogen) and then reverse transcribed into cDNA using the PrimeScript RT reagent kit (Takara). qRT-PCR assays were carried out to detect mRNA expression using SYBR Premix Ex Taq (Takara) according to the manufacturer's instructions. The latexin primers used in qRT-PCR were: forward primer, 5'-CCTGGGTTGCCTGTGGTTAT-3' and reverse primer, 5'-CTTCCTTTGGCAGACGGCTA-3'. β-actin was used as an internal control and amplified with forward primer, 5'-AGAGCCTCGCCTTTGCCGATCC-3' and reverse primer, 5'-CTGGGCCTCGTCGCCCACATA-3'.
Immunohistochemical staining. All tissues were paraffinembedded and were obtained from the Department of Pathology, The First Affiliated Hospital of Nanjing Medical University. The paraffin-embedded tissues were cut into 4-µm sections and then incubated with rabbit anti-latexin polyclonal antibody (1:200; Abcam) at 4˚C overnight, SP-9000 Histostain™-Plus kits (ZSGB-BIO) were used according to the manufacturer's protocol. Scoring was measured by the cell cytoplasm staining pattern: score of 0, absent cell cytoplasm staining; score of 1, weak cell cytoplasm staining; score of 2, moderate cell cytoplasm staining; and score of 3, strong cell cytoplasm staining.
shRNA preparation. Two siRNAs against latexin were designed according to the web of Invitrogen Co. and chemically synthesized by Shanghai GenePharma Co. (Shanghai, China). The sequence of siRNA-424 was: GCACAGCUGAA GUACUUUAdTdT (sense) and UAAAGUACUUCAGCUGU GCdTdT (antisense). The sequence of siRNA-444 was: CCU UCAACGGGACAAGAAAdTdT (sense) and UUUCUUGU CCCGUUGAAGGdTdT (antisense). Negative control (NC) siRNA synthesized by Shanghai GenePharma Co. was used as a control. The sequence of si-NC was: UUCUCCG AACGUGUCACGUTT (sense) and ACGUGACCGUUCGG AGAATT (antisense).
shRNA duplexes against latexin were designed according to the web of Invitrogen Co. and synthesized by GenePharma Co. The sequences were incorporated into the vector p-SUPER to generate p-SUPER-shRNA-latexin (GenePharma Co.). The sequence of shRNA-424 was as follows: GATCCCCGCACA GCTGAAGTACTTTATTCAAGAGATAAAGTACTTCAG CTGTGCTTTTTGGAAA (sense) and AGCTTTTCCAAAA AGCACAGCTGAAGTACTTTATCTCTTGAATAAAGTA CTTCAGCTGTGCGGG (antisense). The sequence of shRNA-444 was as follows: GATCCCCCCTTCAACGGGA CAAGAAATTCAAGAGATTTCTTGTCCCGTTGAAGGT TTTTGGAAA (sense) and AGCTTTTCCAAAAACCTTCA ACGGGACAAGAAATCTCTTGAATTTCTTGTCCCGTT GAAGGGGG (antisense). The sequence of sh-NC was as follows: GATCCCCTTCTCCGAACGTGTCACGTTTCAA GAGAACGTGACACGTTCGGAGAATTTTTGGAAA (sense) and AGCTTTTCCAAAAATTCTCCGAACGTGTCACGTT CTCTTGAAACGTGACACGTTCGGAGAAGGG (antisense). The constructs were verified by sequencing.
Construction of latexin expression vector.
The latexin open reading frame (ORF) was amplified from the human liver cDNA library (Genbank: NM_020169.3) using PrimeStar PCR and constructed into the expression vector pcDNA3.1B to generate pcDNA3.1B-latexin. The sequence of the forward primer was: 5'-EcoRⅠ-AGAGAATTCATGGAAATC CCGCCGACCAAC-3' and reverse primer, 5'-BamHⅠ-AGAG GATCCTTATTCCAGTTGTACTTCCTTTGGC-3'. The construct was verified by sequencing.
Cell transfection. Both the shRNA and latexin expression vector were transfected using Lipofectamine ® 2000 (Invitrogen) according to the manufacturer's instructions.
Cell proliferation assay. Cells were seeded at a density of 2,000-5,000 cells/well in 100 µl complete medium in 96-well plates. The Cell Counting Kit-8 (CCK-8; Dojindo Laboratories) was used to measure cell viability according to the manufacturer's instructions. Each experiment was repeated at least 3 times.
Colony formation assay.
To examine the effect of upregulated or downregulated latexin expression on proliferation of HCC cell lines, cells transfected with different plasmids were used for the colony formation assay. Each type of cell was seeded into 10 cm plates (50,000 cells/well) and cultured for 3 weeks in medium containing 1,000 µg/ml G418. These cultures were stained with 0.4% crystal violet. Clones >2 mm were counted and the number of clones per well was averaged from 3 wells for each experiment. Each experiment was repeated at least 3 times.
Soft agar colony formation assay. Cells transfected with different plasmids were suspended in 0.5 ml 1% low melting point agarose with complete culture medium, and then layered on top of 0.5 ml 2% low melting agarose in 24-well plates. Cell numbers varied from 2,000-5,000 for different cell lines. The plates were incubated in a 5% CO 2 , 37˚C-humidified incubator for 2 weeks. Colonies in at least 6 random microscopic fields were counted and photographed. All experiments were repeated 3 times.
Flow cytometric analysis of cell cycle. For the cell cycle assay, cells were trypsinized and rinsed twice with ice-cold PBS solution, then added to 75% ice-cold ethanol while vortexing, followed by incubation on ice for 60 min. The fixed cells were washed with ice-cold PBS and incubated at 37˚C for 30 min in 0.5 ml PBS solution containing 20 mg/ml RNase A, 0.2% Triton X-100, 0.2 mM EDTA and 20 mg/ml of propidium iodide. The percentage of cells in G0/G1, S and G2/M phases was determined using the Beckman Gallios Flow Cytometer (Beckman Coulter).
Tumorigenicity assay in nude mice. Male BALB/c nude mice (3-4 weeks old) were purchased from the Department of Laboratory Animal Center, Nanjing Medical University. Cells with differential latexin expression were injected subcutaneously into the lateral root of the anterior limb of nude mice (500x10 6 cells/mouse, 7 mice in each experimental group). Tumor size was measured every third day after injection. Three weeks after injection, the mice were sacrificed and photographed. Tumor weight was then calculated.
Western blot analysis. Cell lysates were prepared using cold lysis buffer containing 25 mmol/l Tris-Cl (pH 7.5), 5 mmol/l EDTA, 1% SDS and protease inhibitor cocktail (Sigma). After boiling for 5 min, samples were subjected to electrophoresis in 10% SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) membrane and blocked for 1 h at room temperature with 5% blocking buffer. The membranes were washed 3 times with 0.1% Tris-buffered saline with Tween-20 (TBST) and incubated with the primary antibody overnight at 4˚C. The membranes were washed again and then incubated with the secondary antibody at room temperature for 1 h. Primary antibodies used in the present study included: rabbit anti-latexin polyclonal antibody (1:500), rabbit anti-p21Cip1 polyclonal antibody (1:1,000) , rabbit anti-p27Kip1 polyclonal antibody (1:1,000), rabbit anti-p15INK4B polyclonal antibody (1:1,000), rabbit anti-cyclin D1 polyclonal antibody (1:1,000), rabbit anti-cyclin E polyclonal antibody (1:200) and rabbit anti-β-actin polyclonal antibody (1:1,000) (all from Abcam). Proteins were detected using an ECL western blotting detection system (Pierce) by enhanced chemiluminescence.
Statistical analysis. Statistical analysis was performed using SPSS 18.0 and Graphpad Prism 5.0 software. Quantitative data were recorded as means ± SD. Differences between 2 groups were assessed by Student's t-test (two-tailed). P<0.05 was considered to indicate a statistically significant difference.
Results

Latexin expression is decreased in HCC and HCC-derived cell lines.
Semi-quantitative RT-PCR and qRT-PCR were performed to measure the latexin mRNA expression levels in HCC and adjacent non-cancerous livers from 60 patients. The results indicated that latexin mRNA was decreased in 42 (70%) of 60 HCC specimens compared with the matched normal liver tissues ( Fig. 1A and B) . We performed immunohistochemistry (IHC) to evaluate latexin protein expression in HCC specimens and paired normal liver tissues in the same 60 matched samples. Of these specimens, 45/60 (75.0%) of cancerous specimens showed no or weak (+/-) positive staining, whereas 24/60 (40.0%) of non-HCC tissues showed no or weak (+/-) positive staining (Fig. 1D) . Furthermore, we evaluated the expression of latexin in 11 HCC-derived cell lines using qRT-PCR. Latexin mRNA was significantly decreased in all HCC-derived cell lines (YY-8103, Focus, LM3, LM6, HepG2, Hep3B, SK-hep-1, Huh-7, MHCC-97H, MHCC-97L, SMCC-7721) compared with normal human liver cells (L02) (Fig. 1C) . These data showed that latexin is decreased in HCC.
Overexpression of latexin inhibits proliferation and colony formation in SK-hep-1 and HepG2 cell lines.
To overexpress latexin, the recombinant pcDNA3.1B-latexin was transfected into SK-hep-1 and HepG2 cell lines. We performed western blotting to evaluate latexin protein expression in SK-hep-1 and HepG2 cells transfected with pcDNA3.1B-latexin 48 h post-transfection. Latexin protein expression in pcDNA3.1B-latexin-transfected cells was significantly higher than in empty vector-transfected cells ( Fig. 2A and B) . To investigate the antiproliferative effects in pcDNA3.1B-latexin-transfected cells, cellular growth was monitored for 6 days. The pcDNA3.1B-latexin-transfected SK-hep-1 and HepG2 cells (Fig. 2C and D) showed a significant decrease in cellular growth compared with empty vector-transfected cells ( * P<0.05). SK-hep-1 and HepG2 cells with overregulated latexin expression were subjected to colony formation assay. As shown in Fig. 2E and F, overexpression of latexin in SK-hep-1 and HepG2 cells resulted in significant inhibition of colony formation as compared with SK-hep-1 and HepG2 cells transfected with empty vector ( * P<0.05) and the majority of clones were smaller than those of control cells. We then used a soft agar assay for colony formation, which is the most stringent assay for detecting the proliferative ability of cells. We observed reduced formation of colonies in soft agar (Fig. 2G and H 
Knockdown of latexin promotes proliferation and colony formation in YY-8103 and Focus cell lines.
To knock down latexin, the recombinant p-SUPER-shRNA-latexin was transfected into YY-8103 and Focus cell lines. Western blot analyses were performed to assess the efficiency of latexin knockdown in YY-8103 and Focus cells transfected with p-SUPER-shRNAlatexin 48 h post-transfection. Latexin protein expression in p-SUPER-shRNA-latexin-transfected cells was significantly lower than that in sh-NC-transfected cells (Fig. 3A and B) . The p-SUPER-shRNA-latexin-transfected YY-8103 and Focus cells (Fig. 3C and D 
Overexpression of latexin promotes cell cycle arrest in G0/G1 phase in SK-hep-1 cells and knockdown of latexin promotes the cell cycle transition from G0/G1 to S phase in YY-8103 cells.
To study the growth suppression effect of pcDNA3.1B-latexin on SK-hep-1 cells and the growth enhancement effect of p-SUPER-shRNA-latexin on YY-8103 cells, we performed cell cycle distribution analysis using flow cytometry 24 h after transfection. As shown in Fig. 4A and B, overexpression of latexin induced cell cycle arrest in G0/G1 phase in SK-hep-1 Overexpressed or silenced latexin influences the expression of cyclin pathway-related proteins. The protein expression data showed upregulation of p21Cip1, p27Kip1, p15INK4B and downregulation of cyclin D1 and cyclin E in the latexinoverexpressed cell line SK-hep-1 (Fig. 6A) . Conversely, latexin-silencing via shRNA in the YY-8103 cell line showed downregulation of p21Cip1, p27Kip1, p15INK4B and upregulation of cyclin D1 and cyclin E (Fig. 6B ).
Discussion
The silencing of latexin gene expression resulted in an enhanced capacity for colony formation and tumorigenicity in nude mice (22) . A study by Greaves and Maley demonstrated that latexin may influence the crucial step in carcinogenesis (23) . In addition, due to the close linkage both structurally and genetically with TIG1, we proposed that latexin may also act as a tumor suppressor. In the present study, we showed that latexin mRNA was downregulated in HCC samples and HCC-derived cell lines. Immunohistochemical analysis demonstrated that latexin was downregulated in the cytoplasm of HCC tissue. Of the HCC tissues tested, only 25.0% (15/60) were latexin-positive, while 60.0% of normal liver tissues (36/60) were latexin-positive. Colony formation assays and tumor xenografts in nude mice indicated a negative correlation between latexin expression and tumorigenesis of HCC.
To investigate the underlying molecular mechanism of latexin expression in negative control of tumor cell growth, we examined changes in the gene expression profile in response to differential latexin expression in SK-hep-1 and YY-8103 cells. We found that the variation in cellular proliferation was a result of cell cycle arrest at the G1 phase or cell cycle transition from the G0/G1 to the S phase with differential expression of p21Cip1, p27Kip1, p15INK4B, cyclin D1 and cyclin E. These results were consistent with the observations that cell cycle progression is negatively controlled by CDKIs, such as p21Cip1, p27Kip1, p57Kip2 and the INK4 families (p15INK4B, p16INK4A, p18INK4C and p19INK4D), which are involved in cell cycle arrest at the G1 phase and have several functions as tumor suppressor genes (24) , and that upregulation of p21Cip1 and/or p27Kip1 causes growth inhibition in various cancer models (25) (26) (27) . The INK4 families can bind to CDK4 and/or to CDK6 and inhibit the catalytic activity of the CDK/cyclin D complex (28) (29) (30) (31) . Cyclin D1, cyclin E, CDK4 and CDK6 are also critical regulators of G1 progression and G1-S transition (33) . Inhibition of cyclin D1, cyclin E and CDK4 activation blocks G1-S transition in the cell cycle (32) (33) (34) (35) .
Our results showed that downregulation of latexin occurs frequently during liver carcinogenesis and that silencedlatexin may be associated with progression of HCC by preventing cessation of cell cycle progression at the G1 phase, through decreased expression of CDKIs and increased expression of cyclin D1 and cyclin E. Further studies are required to identify the detailed interaction between latexin and cell cycle regulators.
